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E-mail address: bettina.warscheid@rub.de (B. WarMass spectrometry combined with afﬁnity puriﬁcation techniques has evolved as a prime tool for
the in-depth study of distinct protein complexes and protein–protein interactions. It fueled prote-
ome-wide studies leading to the establishment of intricate cellular protein interaction networks.
Recent innovative advancements in quantitative protein mass spectrometry act as driving force
for the design of ingenious strategies in interaction proteomics facilitating the acquisition of inter-
action data with improved accuracy and, most intriguingly, the elucidation of functional aspects by
monitoring transient interactions as well as dynamic changes in composition, stoichiometry, local-
ization and post-translational modiﬁcation of protein complexes under various conditions.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Most biological processes essential for a cell’s and, on a higher
organizational level, an organism’s fate and functionality are med-
iated and controlled by proteins typically assembled in larger com-
plexes rather than acting as single molecules. These (multi)protein
complexes form highly dynamic, functional networks of speciﬁc
stable and transient protein–protein interactions that facilitate
the smooth and coordinated operation of a vast diversity of spa-
tially and temporally regulated cellular processes promoting,
among others, proliferation, survival, inter- and intracellular com-
munication as well as apoptosis. For the comprehensive under-
standing of molecular mechanisms underlying these events, the
precise identiﬁcation of the components of protein complexes
and their post-translational modiﬁcations (PTMs) as well as the
description of interactions that distinct partners form with other
protein complexes and the dynamic of such networks is of eminent
importance. It facilitates the assignment of proteins without func-
tional annotation to speciﬁc complexes, thereby allowing for plac-
ing them into a biological context, which in turn may provide
important insights into the proteins’ functions and regulation.
Alternatively, since proteins can be part of different complexes
and networks, the identiﬁcation of speciﬁc binding partners maychemical Societies. Published by E
scheid).also improve our knowledge about a protein as well as the cellular
pathways it is involved in.
2. The successful ‘‘pairing’’ of afﬁnity puriﬁcation and mass
spectrometry
In recent years, mass spectrometry (MS) has established itself as
key technology for the in-depth analysis of proteins on a prote-
ome-wide scale [1] that has also proven to be a most valuable
tool for the dissection of protein complexes and protein–protein
interactions (reviewed in [2]). Fast speed as well as high mass resolu-
tion and high sensitivity of modern, state-of-the-art mass analyzers
enable a most accurate identiﬁcation of large numbers of proteins
in complex sample mixtures. In addition, automation of sample
processing and advancements in bioinformatics data evaluation al-
lows for the analysis of biological samples in a high-throughput
manner. A further unique feature of MS is that it can readily be
exploited to identify and map PTMs in peptides that may be crucial
for the composition and dynamics of a distinct protein complex
and/or a protein’s function within an intricate protein interaction
network. Lastly, the combination of latest MS technologies with
suitable biochemical techniques to selectively enrich for a protein
complex of interest greatly facilitates the acquisition of protein
interaction data of high conﬁdence and speciﬁcity.
MS-based protein interaction screens are largely based on afﬁn-
ity chromatography techniques such as co-immunoprecipitation orlsevier B.V. All rights reserved.
S. Oeljeklaus et al. / FEBS Letters 583 (2009) 1674–1683 1675epitope tagging using the target protein as bait to isolate its bind-
ing partners. Following the classical, qualitative strategic track,
proteins of an afﬁnity-puriﬁed complex and an adequate negative
control processed in parallel are usually separated by one-dimen-
sional SDS–PAGE, tryptically digested in gel and subsequently
analyzed by matrix-assisted laser desorption ionization (MALDI)
MS or liquid chromatography electrospray ionization tandem MS
(LC/ESI-MS/MS) for identiﬁcation. Alternatively, proteins of the
afﬁnity-puriﬁed complex and control sample can be subjected di-
rectly to proteolytic digestion in solution prior to separate analysis
by LC/ESI- or LC/MALDI-MS/MS, thereby signiﬁcantly increasing
throughput of protein complex studies and output of information.
In any case, the combinatorial use of MS with generic protein
tagging strategies such as the Flag tag or the tandem afﬁnity puri-
ﬁcation (TAP) technology [3] that enable the isolation of protein
complexes under virtually native conditions following standard-
ized puriﬁcation protocols facilitated a number of recent ground-
breaking large-scale protein interaction screens impressively
demonstrated in studies using Saccharomyces cerevisiae [4–7].
First pioneering studies by Gavin et al. [4] and Ho et al. [5] in
2002 resulted in the successful puriﬁcation and characterization
of 589 and 493 protein assemblies including a large number of
novel interactions and protein complexes that had not been
reported previously. However, when comparing the protein com-
plexes described in both studies using the same bait proteins it
was unexpected to discover that the overlap was 10% only (133
out of 1321 proteins) [8]. This surprisingly low consensus can most
likely be attributed to signiﬁcant differences in the puriﬁcation
strategies employed. While Gavin et al. [4] applied the TAP tech-
nology involving expression of the tagged proteins at endogenous
levels and subsequent two-step puriﬁcation, Ho et al. [5] used the
Flag tag to purify complexes of proteins overexpressed in yeast
cells in a single puriﬁcation step leading to a considerably in-
creased likelihood of capturing background proteins. This group
of non-speciﬁcally associated proteins is typically comprised of
highly abundant proteins such as heat-shock, ribosomal and cyto-
skeletal proteins ‘‘sticking” to afﬁnity matrices, the tag and/or var-
ious proteins in the sample. The reliable discrimination between
co-purifying contaminants and genuine interaction partners is of
major importance for generating biologically meaningful protein
interaction data and represents one of the main challenges in
any MS-based study of protein complexes. Both Gavin et al. and
Ho et al. addressed this problem using lists of common contami-
nants deﬁned empirically based on afﬁnity puriﬁcation of mock-
transformed control strains [4] and/or the frequency of occurrence
in the respective study [4,5]. Protein lists containing all proteins
co-puriﬁed with each bait protein were corrected for contamina-
tions and ﬁltered data sets were then used for the assembly of pro-
tein complexes and establishment of entire networks using
bioinformatics tools. By performing ‘‘reverse” puriﬁcation experi-
ments with several distinct components of a complex as baits,
Gavin et al. [4] were able to conﬁrm a subset of their protein inter-
action data exemplifying the great potentialities of the combined
use of afﬁnity puriﬁcation and MS (AP–MS) for the characterization
of protein complexes.
In 2006, two further independent AP–MS-based proteome-scale
interaction studies aiming at a most comprehensive analysis of the
protein interaction network in S. cerevisiae were reported [6,7],
which comprised about 70% of the predicted proteome of this
organism [9]. Both Gavin et al. [6] and Krogan et al. [7] used TAP
tagging of several thousand bait proteins to selectively enrich pro-
teins with their interactors eventually resulting in the identiﬁca-
tion of 491 [6] and 547 [7] distinct complexes; about half of
which were novel in either study. While this time the same tagging
technique was used, both studies decisively differed in their ap-
proaches to process raw data and extract information on proteincomplexes and interaction networks. The procedure employed by
Gavin et al. [6] included iterative clustering of unﬁltered raw data
using varying, adjusted clustering parameters that take into ac-
count information on protein complexes available from public dat-
abases. This analytical strategy allowed for monitoring the
association of distinct proteins with multiple different protein
complexes and enabled the classiﬁcation of ‘‘core components”
found in the majority of complexes and accessory ‘‘attachments”
of one or more other proteins present in selected isoforms of a dis-
tinct complex. In comparison, Krogan et al. [7] assembled protein
complexes by applying a graph-clustering algorithm to interaction
data ﬁltered for common contaminants; the clustering parameters
selected ensured optimized overlap with entries in a protein com-
plex database. This approach facilitates the identiﬁcation of protein
complexes as highly connected modules within protein–protein
interaction networks; however, it typically does not discriminate
between complexes with shared subunits. As a consequence of
the fundamental differences in computational data processing,
the results reported by Gavin et al. [6] and Krogan et al. [7] differed
signiﬁcantly in the ﬁnal sets of complexes and their respective
composition. Despite a considerable overlap between the proteins
used as baits and similar quality of the raw data, 86% of the com-
plexes differed by more than 50% of their components and only
4% of all protein complexes originally published were almost iden-
tical (>90% matching counterparts; [9,10]). Yet, when subjected to
the same procedure for data processing, the overlap between the
protein complexes derived from both datasets was signiﬁcantly
improved with approximately 35% of the complexes exhibiting
an overlap of >90% [10], which illustrates the importance of the
data evaluation strategy for the ﬁnal output.
In summary, the large-scale studies described here have with-
out any doubt contributed to an improved understanding of func-
tions of distinct proteins as well as of complex cellular processes
governed by protein assemblies. In particular, the second study
by Gavin et al. [6] provides substantial support for the notion of
a modular organization of the cellular proteome consisting of sta-
ble and essential core components and supplemental attachments.
We would like to point to a promising strategy that has recently
been described for the functional analysis of proteins in mamma-
lian cells [11]. This high-throughput method, termed ‘‘BAC Trans-
geneOmics”, is based on tagging of proteins in bacterial artiﬁcial
chromosomes (BACs) and allows for the stable expression of
tagged proteins in mammalian cell culture systems and even trans-
genic mice at levels and patterns similar to those of their endoge-
nous counterparts. It is reasonable to expect that it will facilitate
more in-depth insights into protein interaction networks of more
complex eukaryotic systems.
However, despite their approved merits, the analysis of protein
complexes on a large scale suffers from a number of limitations
inherent to virtually any ‘‘qualitative” MS-based protein interac-
tion study that may be further accentuated in proteome-wide
studies. Although efforts have been made to reduce the presence
of non-speciﬁc background binders both on the experimental level
(e.g., using two-step puriﬁcation protocols to isolate ‘‘cleaner”
complexes) as well as on the level of data evaluation (by compiling
lists of common contaminating proteins that are removed from the
raw data, for example), the unambiguous discrimination between
genuine interacting partners and co-purifying contaminants re-
mains challenging. While the very high sensitivity of modern MS
techniques considerably improves identiﬁcation of low abundant
speciﬁc interaction partners, it also leads inevitably to an increased
detection of non-speciﬁcally associated proteins. Subtracting fre-
quently occurring contaminants from a list of proteins associated
with a distinct target protein can be critical since a subset of these
allegedly non-speciﬁc contaminants may constitute speciﬁc inter-
action partners of this bait. In addition, speciﬁc weak and/or tran-
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may elude detection, especially in studies that trade sensitivity
for speciﬁcity by employing multi-step puriﬁcation strategies
and/or stringent washing conditions. It is further important to note
that many interaction studies are generally biased against integral
membrane proteins, a class of proteins fulﬁlling important func-
tions in many cellular processes such as protein transport, signal
transduction and others. Due to their hydrophobicity and insertion
in membranes, these proteins typically require puriﬁcation strate-
gies differing from standard protocols and speciﬁcally tailored to
extract them from membranes while maintaining the native com-
plex composition. The coverage of membrane proteins in large-
scale interaction studies in yeast has been limited so far [9]. Gavin
et al. [6] reported the successful puriﬁcation of 340 membrane pro-
teins (i.e., 17%) out of a total of 1993 puriﬁed bait proteins. Last but
not least, for a most comprehensive characterization of protein
complexes, it is also essential to take into account the dynamic nat-
ure of the networks that proteins form within a cell. To date, con-
ventional protein interaction studies provide rather static
‘‘snapshots” of a cellular (sub)interactome under single physiolog-
ical or developmental conditions. However, composition and func-
tion of protein complexes frequently change in a function of time,
subcellular localization and/or cellular state, which is often accom-
panied or imparted by changes in PTMs and stoichiometry of com-
plex components – further features worth including in an overall
investigation of protein–protein interactions.3. Quantitative mass spectrometry: a prime tool for dissecting
protein complexes
A still advancing strategic track in interaction proteomics is the
application of proteomics strategies exploiting the immense po-
tential of quantitative MS for the in-depth characterization of pro-
tein complexes with highest speciﬁcity and reliability. Quantitative
MS techniques including stable isotope labeling as well as label-
free approaches allow for simultaneously identifying hundreds of
proteins and revealing differences in protein abundance between
distinct samples, which has elevated proteomics to a discipline
providing most powerful methods for biological investigations in
general [12]. In recent years, an increasing number of protein inter-
action studies have demonstrated the enormous value of such
quantitative MS-based proteomics methodologies for the speciﬁc
and reliable distinction between true components of protein com-
plexes and non-speciﬁcally binding contaminants and beyond, as
highlighted in this minireview.
In stable isotope labeling experiments, different isotopic mass
tags are incorporated into proteins of samples derived from differ-
ent experimental conditions (puriﬁed complex and appropriate
control sample, for instance) either metabolically during cell
growth or chemically following protein extraction and often
proteolytic digestion. Since the mass tags introduce a distinct,
predictable mass shift into proteins or peptides, differentially isotope-
labeled samples can be combined and jointly processed for subse-
quent MS analysis facilitating their direct comparison in the same
analysis. Relative quantitative information on differences in protein
composition and abundance between the samples is then obtained
by comparing signal intensities or peak areas of isotope-labeled
proteolytic peptide pairs extracted from the respective mass spec-
tra. In protein interaction experiments, contaminant proteins taken
to originate equally from control sample and puriﬁed complex are
readily identiﬁed by abundance ratios of approximately one. In
contrast, genuine components of protein complexes selectively en-
riched during puriﬁcation of the bait protein typically exhibit
abundance ratios signiﬁcantly higher than one. The determination
of protein abundance by quantitative MS enables the accuratemapping of distinct protein complexes which can further serve
as ‘‘building blocks” for the establishment of entire protein interac-
tion networks. Fig. 1 schematically depicts the general experimen-
tal and computational workﬂow for quantitative AP–MS
experiments utilizing stable isotope labeling techniques (for more
details, please refer to ﬁgure caption).
Aebersold and co-workers ﬁrst demonstrated the strength of a
relative quantitative approach based on chemical labeling by ana-
lyzing partially puriﬁed large RNA polymerase II (Pol II) preinitia-
tion complexes (PIC) from yeast [13]. In general, chemical
labeling techniques take advantage of speciﬁc functional groups
in polypeptides to covalently introduce the stable isotope-coded
tags into proteins or proteolytic peptides (reviewed in [14,15]).
Ranish et al. [13] used the isotope-coded afﬁnity tag (ICAT) tech-
nique [16], which speciﬁcally targets cysteine residues in polypep-
tides, in combination with LC/MS/MS analysis to compare samples
speciﬁcally enriched or not enriched in POL II PIC. Relative quanti-
tative analysis enabled them to identify the majority of the known
speciﬁc components of the complex against a high background of
co-puriﬁed contaminants.
A further in vitro labeling technique frequently used in compar-
ative proteomics studies is the isobaric tag for relative and absolute
quantitation (iTRAQ) technology [17], which is directed against
primary amino groups facilitating labeling of basically all N-ter-
mini of tryptic peptides. A unique feature of iTRAQ is its availability
as a set of up to eight distinct isobaric variants allowing multiplex-
ing and, thus, comparison of eight different samples in a single LC/
MS/MS run [18]. iTRAQ has been employed to characterize the car-
bon source-dependent composition of Snf1p kinase complexes in
Candida albicans [19] and to determine changes in protein–protein
interactions as well as phosphorylation sites in distinct complexes
from yeast and Drosophila melanogaster cells [20].
Metabolic labeling strategies rely on the in vivo incorporation
of isotopic mass tags into the proteome of cells or entire organ-
isms during protein biosynthesis, which is typically accomplished
by growing them in the presence of isotope-labeled nutrients or
amino acids (usually 2H, 13C and/or 15N); for detailed information
on principles, pros and cons of these well-established methods,
refer to [21]. The in vivo labeling strategy that has found most
widespread application in interaction proteomics so far is stable
isotope labeling by amino acids in cell culture (SILAC, [22]) –
preferentially with the combined use of isotope-coded variants
of both lysine and arginine as well as trypsin for proteolytic di-
gest because this experimental design results in labeling of each
tryptic peptide except for the C-terminal peptide of the precursor
protein and, thus, maximum information for a most sensitive and
accurate protein quantiﬁcation. Depending on the amino acid
chosen for labeling, SILAC can also be used for multiplexing
experiments; arginine, for instance, is currently available in ﬁve
different isotopic forms [23]. The ﬁrst report that highlighted
the exquisite potential of SILAC-based quantiﬁcation to clearly
distinguish functionally important speciﬁc interactors from the
bulk of co-purifying proteins was aimed at the characterization
of signaling complexes involved in the epidermal growth factor
(EGF) receptor pathway [24]. Differential SILAC labeling of pro-
teins in EGF-stimulated and non-stimulated HeLa cells followed
by afﬁnity puriﬁcation of the activated, phosphorylated form of
the EGF receptor from the mixture of labeled and unlabeled cell
lysates and LC/MS/MS analysis enabled the identiﬁcation of spe-
ciﬁc components of the EGF-dependent signaling complex amidst
a majority of co-puriﬁed contaminants. Approximately 10% of the
proteins identiﬁed in total were selectively enriched following
EGF stimulation; among these were known signaling molecules
as well as proteins without previous links to EGF receptor signal-
ing. Confocal microscopy and ﬂuorescence resonance energy
transfer experiments showing co-localization of a subset of these
Fig. 1. Study of protein complexes by quantitative AP–MS. (A) Metabolic and chemical labeling. In studies using stable isotope labeling with amino acids in cell culture
(SILAC), cells expressing a tagged protein (population A) and control cells (population B) are grown in media containing different variants of stable isotope-coded amino acids
(e.g., 12C6-/13C6-arginine and -lysine). This eventually leads to complete incorporation of the labeled amino acids into proteins during cell growth. Differentially SILAC-labeled
cells or protein extracts are then mixed in equal ratios and jointly processed including the afﬁnity puriﬁcation step. Alternatively, the isotope-coded afﬁnity tag (ICAT)
technique chemically labeling cysteine residues in proteins can be used. Following this track, cells of both population A and B are grown in normal media. Protein extracts are
prepared separately, differently labeled with the ‘‘light” and ‘‘heavy” ICAT version, mixed in a 1:1 ratio and jointly processed for AP–MS. Since protein complexes cannot be
puriﬁed to homogeneity, the respective eluates contain proteins speciﬁcally enriched with the bait (originating from the ‘‘light” population A) as well as co-puriﬁed
contaminants (from both the ‘‘light” population A and the ‘‘heavy” control cells). (B) Quantitative MS-based analysis of isotope-coded protein complexes. After differential
stable isotope labeling and isolation of protein complexes in the presence of a control, proteins are either (i) separated by one-dimensional gel electrophoresis and digested
in-gel with trypsin or (ii) directly subjected to tryptic digestion in-solution. The resulting peptides are typically analyzed by nano-LC directly coupled to tandem mass
spectrometry (MS/MS). While protein identiﬁcation is based on peptide fragmentation in MS/MS experiments, relative quantiﬁcation of proteins is achieved through the
comparison of peak areas of differentially labeled peptide pairs in MS survey scans. In a quantitative AP–MS experiment, the deﬁnition of protein complex composition is
based on the assumption that genuinely interacting partners are highly enriched with the bait protein, which is reﬂected by abundance ratios signiﬁcantly higher than one.
Since contaminants are typically not speciﬁcally enriched with the bait, they are readily detected by abundance ratios of approximately one. Consecutive quantitative AP–MS
experiments with different baits facilitates the establishment of protein interaction networks with improved accuracy. T, afﬁnity tag; S, afﬁnity matrix.
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mics study.
SILAC was also used in an innovative study attempting to
avoid undesired and artiﬁcial side-effects imposed on protein
interaction assays by the introduction of an afﬁnity tag and/or
overexpression of the target protein in cells [25]. ‘‘Quantitative
immunoprecipitation combined with knockdown” (QUICK) com-
bines SILAC with RNA interference (RNAi) and co-immunopre-cipitation of the target protein followed by LC/MS/MS analysis
for the effective discovery of proteins speciﬁcally associated
with endogenous proteins in mammalian cells. In such an
experiment, one population of labeled cells is subjected to RNAi
knockdown of the target protein prior to immunoprecipitation.
Selbach and Mann [25] demonstrated the proof of principle of
QUICK by analyzing b-catenin and Cbl complexes in mammalian
cell lines.
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the yeast S. cerevisiae for the study of subcellular membrane pro-
tein interaction networks by quantitative AP–MS [26]. Fig. 2 shows
sections of representative peptide mass spectra of the peroxisomal
membrane protein Pex14p used as bait and two speciﬁc interac-
tion partners (Pex13p and Pex17p) as well as Kdg1p, a co-purifying
mitochondrial protein. Since peroxisomal membrane proteins are
of very low abundance, Pex14p complexes were isolated following
a one-step puriﬁcation protocol using Protein A fusion proteins,
which renders quantitative MS essential for both comprehensive
and reliable identiﬁcation of true interacting proteins against a
high background of co-purifying contaminants. The peroxins
Pex14p, Pex13p and Pex17p form the receptor docking complex
of the import machinery of peroxisomal matrix proteins as de-
scribed in a classical AP–MS study [27]. The speciﬁcity of these
interactions is accurately mirrored by the absence or very low
abundance of the heavy peptide species originating from the con-
trol strain in survey mass spectra (as exempliﬁed in Fig. 2B and C).
In contrast, Kdg1p shows SILAC peptide pairs with average abun-
dance ratios between 1.23 (±0.07) and 1.45 (±0.16) in three inde-
pendent experiments indicating the non-speciﬁc nature of this
interaction. A large number of proteins, however, typically show
low to moderate abundance ratios and may represent less stable
but speciﬁc interactors of Pex14p or contaminants. The minimum
enrichment factor for denominating a protein speciﬁc often varies
between single experiments and, accordingly, has to be deter-
mined individually, for instance by using box plots for outlier anal-
yses with outliers being deﬁned as proteins signiﬁcantly enriched
in relation to a majority of non-speciﬁc, contaminating proteins.Fig. 2. Sections of representative peptide mass spectra of different proteins identiﬁed in
as bait. Yeast cells expressing tagged Pex14p were metabolically labeled with 13C6-lys
peptides DGIVGDEVSK derived from Pex14p (A), MVTDQVELTDR from Pex17p (B) and LQT
as indicated by an arrow pointing to its theoreticm/z value. Correspondingly, peptide rati
proteins speciﬁcally enriched with the bait during afﬁnity puriﬁcation. In contrast, a pepti
was observed for the doubly charged peptide SVELGVEDIVLGMAHR derived from the mit
characteristic for contaminants. m/z, mass-to-charge.The generation of statistically sound quantitative data enabling a
reliable identiﬁcation of speciﬁc interactors is facilitated if quanti-
ﬁcation of individual proteins is based on at least two to three un-
ique peptides. Small and low abundant proteins, however, are
often identiﬁed and quantiﬁed by single peptides only. In particu-
lar for such cases but also in general, conﬁdence of protein interac-
tion data is increased by performing an adequate number of
independent replicates (nP 3), which is generally an essential
requirement to take into account the variability of biological sys-
tems. Proteins appearing as outliers in several independent exper-
iments can be reported reliably as speciﬁcally interacting partners
of the bait and represent valid targets for follow-up studies.
Apart from stable isotope labeling techniques, the applicability
of label-free approaches relying on the comparison of peptide
abundance as a measure for the corresponding protein across dif-
ferent LC/MS/MS runs to quantitative proteomics analyses has
been shown as well [28]. As of yet, however, reports about their
use for the dissection of protein complexes are still rather scarce.
This may be ascribed to the enormous computational effort re-
quired for the quantitative analysis of MS(/MS) data acquired in
such experiments. Just recently, adequate sophisticated software
tools enabling peak detection, peak matching/alignment, normali-
zation, peptide identiﬁcation, detection of differential peptides, ﬁl-
tering of contaminants and statistical analyses have started to
emerge [28,29]. An elegant workﬂow developed by Aebersold
and co-workers [30] enabling the acquisition of valid protein inter-
action data employs a label-free quantiﬁcation approach based on
sequential dilutions of afﬁnity-puriﬁed complexes and control
samples. Computational evaluation of peptide intensity proﬁlesa quantitative AP–MS experiment using the peroxisomal membrane protein Pex14p
ine and 13C6-arginine while control cells were grown in normal medium. For the
SGTIR from Pex13p (C), the heavy counterpart originating from the control is absent
os (light/heavy) of ‘‘inﬁnite” are determined, which is indicative for both the bait and
de pair exhibiting aDm/z of three resulting from the incorporation of a 13C6-arginine
ochondrial protein Kgd1p (D). The peptide ratio was determined to be 1.31, which is
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respective proteins into groups facilitates the discrimination
between potential speciﬁc interaction partners and contaminants
according to their abundance proﬁles. The intriguing concept
behind this approach is as follows: while the abundance of non-
speciﬁcally associated proteins equally present in afﬁnity-puriﬁed
complex and control sample remains unchanged, the abundance of
the target protein as well as its speciﬁc interactors selectively
enriched in the complex changes between different dilutions.
Application of the unique ‘‘MasterMap” concept to data analysis
allowed for enhanced speciﬁcity and sensitivity of interaction data
as well as for the quantitative description of protein interaction
dynamics and identiﬁcation of phosphorylation sites. Using human
complexes of FoxO3A, a member of the forkhead domain transcrip-
tion factor family, as model, Rinner et al. [30] demonstrated that
this strategy is well suited to reveal differences in the composition
of distinct variants of protein complexes.
Taken together, the studies presented above are prime exam-
ples for the paramount value of quantitative MS-based proteomics
techniques for the highly speciﬁc differentiation between true
components of a protein complex and non-speciﬁcally binding
contaminants. This discriminating power abolishes the necessity
of using highly puriﬁed protein complexes for MS-based interac-
tion studies. As a consequence, methods using less stringent condi-
tions such as single tag approaches or co-immunoprecipitation can
be employed, which increases the likelihood to preserve biologi-
cally important but weak and/or transient interactions as well as
interactors of low abundance facilitating a more comprehensive
and still dependable characterization of protein complexes.4. Mapping of transient interactions
Quantitative MS techniques are without doubt already well-
established and approved as powerful tools for the dissection of
protein complexes by enabling the deﬁnition of their composition
with high reliability. Non-speciﬁcally associated proteins are re-
vealed by their equal abundance in control sample and puriﬁed
complex whereas genuinely interacting proteins show high enrich-
ment factors in the latter. As additional advantage, quantitative MS
employing stable isotope labeling of intact proteins allows the
application of a workﬂow consisting of joint processing of samples
including complex isolation via afﬁnity puriﬁcation. This generally
results in protein interaction data of improved accuracy since er-
rors due to separate sample handling are minimized. Interestingly,
experimental data obtained in an AP–MS study using SILAC
showed that enrichment factors for a number of co-puriﬁed pro-
teins varied depending on puriﬁcation time in a reciprocal manner
yielding higher abundance ratios with shorter incubation time
[31]. The phenomenon is underscored by the determination of ra-
tios as low as close to one for some of the known true components
of protein complexes. These observations suggest that speciﬁc but
highly transient interactors exhibiting fast on/off rates exchange
during joint complex isolation. Depending on the kinetic properties
of the respective complex partner and the duration of incubation,
this will eventually lead to equilibrium of differentially labeled
forms of a protein transiently attached to the target complex. Thus,
following the classical SILAC AP–MS workﬂow (also referred to as
PAM-SILAC for ‘‘puriﬁcation after mixing” [31]) such speciﬁc but
transient interaction partners may at worst be mis-categorized as
co-puriﬁed contaminants since based on their abundance ratios
they appear not to be enriched in the complex. To deeper investi-
gate the possibility of mixing-based exchange of differentially la-
beled variants of distinct proteins, Wang and Huang [31]
performed a series of systematic, time-controlled (tc) PAM-SILAC
experiments with varying incubation times of 20 min to 2 h.Applying this strategy to the study of human 26S proteasome-
interacting proteins in HEK 293 cells, they were able to provide
striking evidence for the occurrence of dynamic ‘‘interaction swap-
ping” reﬂecting transient protein–protein interactions: the com-
parison of interaction data obtained following the PAM-SILAC
approach (2 h incubation) with data from the tc-PAM-SILAC exper-
iment revealed that 35 out of 42 proteins classiﬁed as putative pro-
teasome-interacting proteins showed reverse incubation time-
dependent enrichment with different values for individual pro-
teins. The tc-PAM-SILAC strategy thus presents a valuable tool to
identify speciﬁc transient interaction partners and obtain qualita-
tive information on kinetic properties of individual transiently
binding proteins, which may be of great importance for the cellular
function(s) of a protein and/or the complex it is associated with.
However, despite the strength of this approach, speciﬁc interactors
with very high on/off rates may still be considered background
proteins due to the fact that interactions are too transient to be
captured even within the shortest incubation time feasible. In or-
der to prove this assumption and to reveal further, so far unidenti-
ﬁed speciﬁc proteasome-interacting proteins, Wang and Huang
[31] changed the order in the workﬂow of the PAM-SILAC strategy
by purifying proteasomal complexes from differentially labeled
cells separately prior to mixing the samples for joint MS analysis
(i.e., MAP-SILAC, ‘‘mixing after puriﬁcation”). This strategy pre-
vents the exchange of labeled and unlabeled complex partners
and resulted in the classiﬁcation of 14 proteins designated non-
speciﬁc interactors in (tc-) PAM-SILAC experiments as putative
proteasome-interacting proteins. This example demonstrates the
high potential of AP–MS in clever combination with stable isotope
labeling of proteins to identify the entire set of speciﬁc compo-
nents of a complex including both stable and transient interaction
partners. Fig. 3 summarizes the different quantitative AP–MS ap-
proaches for the effective mapping of stable and transient interac-
tion partners in a schematic representation. In a further study, the
combined PAM-/MAP-SILAC strategy facilitated the comprehensive
characterization of the human COP9 signalosome (CSN) complex
[32]. Integrating the results of both experimental tracks, 20 pro-
teins were classiﬁed as stable and another 20 proteins as transient
interactors of the CSN core complex.
At the same time, the challenge of reliably identifying speciﬁc
but highly transient protein interactors has been reported indepen-
dently by Heck and co-workers [33]. When analyzing complexes of
the human TATA-binding protein (TBP), the central component in
eukaryotic transcription involved in different cellular functions,
AP–MS combined with SILAC following the classical workﬂow re-
sulted in the unambiguous identiﬁcation of all known TBP-associ-
ated factors as speciﬁc interactors, except for one. For BTAF1,
peptide pairs were detected reproducibly resulting in an average
abundance ratio closer to background proteins. This observation
may point to an exchange of differentially labeled variants of
BTAF1 bound to TBP during afﬁnity puriﬁcation. In fact, the combi-
nation of experiments in which SILAC-labeled samples are mixed
either before or after complex puriﬁcation conﬁrmed the speciﬁc-
ity of its interaction and revealed its nature as a highly transient
interactor. The transient nature of the TBP-BTAF1 interaction was
further validated using recombinant BTAF1 protein added to differ-
ently labeled cell extracts before afﬁnity puriﬁcation, which
emphasizes the high accuracy of interaction data obtained by
quantitative AP–MS.
To conclude, the novelty and high potential of such a combi-
natorial quantitative AP–MS strategy is its capability to provide
a most comprehensive list of proteins speciﬁcally associated with
the target complex and at the same time facilitating their classi-
ﬁcation as stable core components and dynamic/transient inter-
actors. Further knowledge about the dynamic nature of
transient protein interactions can be obtained by additionally
Fig. 3. Mapping of transient protein–protein interactions. (A) Time-controlled quantitative AP–MS. Cells expressing the tagged fusion protein (T) and control cells (C) are
metabolically labeled by 12C6-arginine/-lysine (‘‘light”) and the corresponding 13C6-forms (‘‘heavy”), respectively. After mixing of SILAC-labeled cells, protein complexes are
enriched via afﬁnity puriﬁcation applying different incubation times of 2 h (t1), 1 h (t2) and 20 min (t3), for example. The resulting complexes are eventually subjected to LC/
MS/MS analysis for both identiﬁcation and relative quantiﬁcation. The comparison of quantitative data in time-controlled AP–MS experiments reveals that abundance ratios
of both speciﬁc and non-speciﬁc interaction partners remain constant with values signiﬁcantly higher than one and approximately one, respectively. In contrast, transient
interaction partners exhibit reverse, incubation time-dependent enrichment reﬂected by higher abundance ratios with shorter incubation time. At long incubation times,
transient interaction partners with high on/off rates may at worst be mis-categorized as co-puriﬁed contaminants since based on their abundance ratios they show no
enrichment in the complex. (B) Mixing after puriﬁcation (MAP) concept. Following SILAC labeling of cells expressing the tagged fusion protein (T) and control cells (C), the
protein extracts are subjected separately to afﬁnity puriﬁcation with equal time of incubation (e.g., 2 h). Afﬁnity-puriﬁed samples are subsequently mixed in equal ratios and
jointly analyzed by LC/MS/MS. The MAP track addresses the potential occurrence of highly dynamic ‘‘interaction swapping” since it prevents the exchange of differentially
SILAC-labeled complex partners during puriﬁcation of complexes. It further provides the unique capability to identify even extremely transient interaction partners, which
may be designated background binders in quantitative AP–MS experiments following the classical PAM (puriﬁcation after mixing) track.
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strategy has only been employed in combination with SILAC
labeling; in principle, however, it can be adapted to the use of
any stable isotope labeling technique that is targeted towards in-
tact proteins.
An alternative concept for capturing weakly bound and/or
dynamic components of protein assemblies utilizes chemical
cross-linkers to virtually ‘‘freeze” both transient and stable pro-
tein–protein interactions in their native state prior to puriﬁcation
(please refer to [34] for more detailed information on chemical
cross-linking). Among the cross-linkers suitable for MS-based pro-
tein interaction studies, formaldehyde – albeit being of rather low
speciﬁcity – is frequently applied due to its membrane-permeabil-
ity, which allows for in vivo cross-linking experiments, and since
the cross-links generated are reversible. It has recently been used
in integrative quantitative, SILAC-based AP–MS studies to compre-
hensively characterize the 26S proteasome interaction network
[35,36].
5. Protein complex dynamics
The tremendous potential of quantitative AP–MS has been uti-
lized lately in a number of functional protein interaction studies
addressing a variety of biologically relevant questions.5.1. Composition
A major interest in the functional study of protein complexes is
to reveal changes in their composition as interacting partners
assemble, dissociate or reorganize to such functional units in re-
sponse to distinct external and internal stimuli or depending on
the developmental stage, metabolic needs or environmental condi-
tions. The outcome of such an investigation may allow to link pro-
tein–protein interaction to cellular function and has the potential
to advance our understanding of molecular mechanisms underly-
ing biological processes. For example, insulin-triggered changes
in the abundance of proteins speciﬁcally associated with the insu-
lin-regulated glucose transporter GLUT4 were revealed in a SILAC-
based quantitative AP–MS study [37]. The group of proteins with
elevated abundance comprised several cytoskeletal as well as
vesicular and trafﬁc-related proteins pointing to the insulin-stimu-
lated translocation of GLUT4 to the plasma membrane via vesicular
transport along cytoskeletal structures. Notably, this work repre-
sents a scarce example of a quantitative proteomics interaction
study targeting membrane proteins. Although implicated in a mul-
titude of most important and vital biological processes, studies of
membrane proteins, which after all constitute up to estimated
30% of a genome [38], are still underrepresented. In another study,
Brand et al. [39] analyzed dynamic changes in transcription factor
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ative quantiﬁcation, demonstrated that the subset of proteins spe-
ciﬁcally interacting with NF-E2p18/MafK differed largely between
differentiated and non-differentiated cells. This led to the novel
deﬁnition of NF-E2p18/MafK as ‘‘dual function” molecule switch-
ing from a repressive to an activating mode during differentiation
of erythroids, which explicitly exempliﬁes that proteins can fulﬁll
fundamentally different functions as components of different com-
plexes in distinct cellular states. The importance of considering the
occurrence of transient protein interactions when conducting func-
tional proteomics interaction studies was underscored by Mousson
et al. [33] analyzing cell cycle-dependent differences in TBP tran-
scription complexes. In this study, the application of the combined
PAM-/MAP-SILAC strategy revealed that the transient behavior of
BTAF1 puriﬁed from asynchronous HeLa cell extracts was abol-
ished in mitotic cell extracts indicated by the classiﬁcation of
BTAF1 as speciﬁc stable component of the TBP complex.
5.2. Localization
Composition and function of protein complexes can signiﬁ-
cantly vary depending on distinct protein isoforms and/or the sub-
cellular localization. Following an advanced SILAC approach using
triple labeling, Trinkle-Mulcahy et al. [40] studied proteins selec-
tively interacting with the a- or c-isoform of protein phosphatase
1 (PP1), a ubiquitous serine/threonine phosphatase involved in
various cellular processes showing isoform-dependent localization
patterns. To this end, PP1 isoforms fused to GFP were stably
expressed in HeLa cells enabling effective biochemical enrichment
of PP1 complexes as well as ﬂuorescence microscopy experiments
of living cells. Relative quantitative analysis led to the identiﬁca-
tion of several novel PP1-binding proteins with preference for
PP1a or PP1c. One of these proteins, Repo-Man, was shown to
selectively recruit PP1c to mitotic chromatin in anaphase. Its
importance for cell viability was demonstrated by RNAi-induced
knockdown of Repo-Man resulting in cell death by apoptosis. They
further applied the SILAC strategy to successfully decipher com-
partment-speciﬁc differences in the composition of SMN (‘‘survival
motor neuron” gene product) complexes residing in the cytoplasm
and the nucleus, respectively [41]. In an attempt to further increase
the speciﬁcity in the detection of genuine protein interaction part-
ners, which in turn is expected to facilitate the selection of suitable
candidates for often cost-intensive and time-consuming validation
experiments, Lamond and co-workers [41] proposed the establish-
ment of a so-called ‘‘bead proteome”. This global bead proteome
represents a compilation of common background proteins that
were repeatedly found to be non-speciﬁcally associated with the
afﬁnity matrix, the fusion tag and/or the antibody used across a
large number of different afﬁnity puriﬁcation experiments and
was used as further ‘‘speciﬁcity ﬁlter” in addition to the abundance
ratios determined for each protein identiﬁed in the SMN complex.
However, stigmatizing a protein as potential ‘‘common contami-
nant” is generally precarious since this ‘‘contaminant” may well
be a highly speciﬁc interaction partner of distinct other protein
complexes.
5.3. Modiﬁcation
State and level of PTMs of complex partners, such as phosphor-
ylation(s), are further parameters with presumably essential
importance for function, structure as well as (sub)cellular localiza-
tion of protein complexes. Using an advanced label-free quantiﬁca-
tion strategy, Aebersold and co-workers detected growth
state-dependent changes in the composition of FoxO3A-containing
complexes derived from cells subjected to growth-inhibiting con-
ditions (i.e., serum starvation and inhibition of the phosphatidylin-ositol-3 kinase) compared to complexes from proliferating cells
[30]. The level of several 14-3-3 proteins associated with FoxO3A
was signiﬁcantly reduced in response to growth inhibition. In addi-
tion, the simultaneous analysis of PTMs of the identiﬁed proteins
showed a positive correlation between phosphorylation of a dis-
tinct FoxO3A serine residue (S253) and increased binding of 14-
3-3 proteins to FoxO3A being consistent with observations that
14-3-3-binding is regulated by S253-phosphorylation via protein
kinase B acting downstream of phosphatidylinositol-3 kinase.
5.4. Stoichiometry
In order to fully account for the effect(s) of different physiolog-
ical conditions on the exact composition of protein complexes and
potential functions of their components, it is essential to eventu-
ally analyze the stoichiometry of complex partners. This requires
the acquisition of absolute quantitative information on their abun-
dance, for example using stable isotope-labeled synthetic standard
peptides for absolute quantiﬁcation (AQUA; [42]) or following dif-
ferent quantiﬁcation strategies based on individually designed sta-
ble isotope-coded peptide concatenated proteins [43,44]. The
applicability of both approaches to the quantitative analysis of
multiprotein complexes has been demonstrated in AP–MS studies
determining the stoichiometric composition of the human splice-
osomal U1 small nuclear ribonucleoprotein complex [45] as well
as eIF2B-eIF2 and cyclin-Cdk complexes from yeast [44,46]. Just
very recently, Gstaiger and co-workers [47] presented a new AP–
MS-based strategy that employs isotope-coded reference peptides
identical to an unlabeled counterpart incorporated into the afﬁnity
tag of the bait protein, which is ‘‘released” upon trypsin cleavage.
This approach further includes normalization of ion signals of pro-
teotypic peptides of individual proteins, thereby allowing for com-
paring protein quantities across different afﬁnity puriﬁcations,
which makes this concept particularly useful for large-scale inter-
action screens. The high applicability of this absolute quantitative
strategy to determine interaction stoichiometries, changes in pro-
tein complex composition as well as the distribution of distinct
proteins in different complexes was convincingly demonstrated
analyzing different components of the human protein phosphatase
2A (PP2A) interaction network. It enabled Wepf et al. [47] to afﬁrm
interactions of the PP2A regulatory and scaffold subunits with
PPP4C, the catalytic subunit of protein phosphatase 4, as well as
to determine for the ﬁrst time the degree of PPP4C-containing hy-
brid complexes (1–2%) among all complexes containing the regula-
tory and scaffold subunits of PP2A.6. Concluding remarks
Recent large-scale interaction studies in yeast and other organ-
isms as well impressively demonstrated the enormous potential of
AP–MS for mapping proteome-wide interaction networks. Despite
portraying a rather static picture of a cell’s interactome in a given
state at a given time point, such interaction maps nevertheless of-
fer a wealth of biologically relevant information on proteins and
cellular pathways. Striving at a most comprehensive and realistic
functional depiction of protein complexes and protein–protein
interactions, however, it is still mandatory to account for the highly
dynamic nature of protein interactions. For this task, the successful
adaptation of advanced quantitative MS technologies incorporated
into clever interaction proteomics strategies have proven to be of
great value lately. As an example, the recent addition of the inno-
vative, so far SILAC-based combinatorial (tc-) PAM/MAP approach
to the interactomics toolbox now allows for the identiﬁcation of
highly transient protein interaction partners, which as of yet have
remained largely elusive. Since many regulatory processes on the
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interactions, studies employing this intriguing quantitative con-
cept can be expected to contribute signiﬁcantly to an improved
overall understanding of the molecular mechanisms underlying
such regulatory events. It is noteworthy, however, that although
enabling a most accurate ‘‘inventory” of a distinct complex, neither
classical nor reﬁned quantitative AP–MS experiments do provide
us with information on direct protein–protein interactions. To this
end, complementary cross-linking experiments and/or orthogonal
techniques such as the yeast-two-hybrid approach need to be
applied.
Notwithstanding the considerable progress made without
doubt in the last few years, future endeavors in interaction proteo-
mics need to (and certainly will) advance further, for example to
increase coverage of the functional characterization of biologically
important membrane protein complexes as well as to reﬂect in
more detail the importance of PTMs for the functionality of pro-
tein–protein interactions. It is furthermore of great biological
interest to identify stimulus-induced changes in the stoichiometric
composition of protein complexes. Apart from absolute quantita-
tive peptide-based MS techniques, complementary mass spectro-
metric methodologies that allow for analyzing intact, native
proteins and protein complexes have already been shown to repre-
sent highly valuable tools for gaining information on the stoichi-
ometry of distinct complex components as well as the overall
structure of protein complexes (reviewed in [48,49]). Native MS
is just at the beginning of being fully exploited for the characteriza-
tion of macromolecular structures and will certainly advance fur-
ther along with new instrumental developments.
Last but not least, apart from protein–protein interactions, a
cell’s viability also depends on interactions between proteins and
other molecules such as peptides, DNA, RNA, co-factors or metab-
olites. Quantitative AP–MS has already proven to be well applica-
ble to characterize such interactions as well, thus providing
global means to establish a most realistic representation of dy-
namic interactions of any kind on the cellular level.Acknowledgements
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